Abstract. Aluminum is known to exert neurotoxic effects associated with various neurodegenerative disorders, including Alzheimer's disease (AD). Ibuprofen is a well-known non-steroidal anti-inflammatory drug, which has demonstrated potential efficacy in the treatment of numerous inflammatory and neurodegenerative disorders, including AD. The present study aimed to investigate the protective effects of ibuprofen on cognitive function, and the expression levels of neuronal pentraxins (NPs) and interleukin (IL)-1β in an aluminum chloride (AlCl 3 )-induced mouse model of neurotoxicity. The effects of ibuprofen (100 mg/kg/day for 12 days) on learning and memory were evaluated in the AlCl 3 -induced neurotoxic mice using a Morris water maze and open field tests. In addition, ibuprofen was assessed for its effects on the expression levels of NPs and IL-1β in the hippocampus, cortex and amygdala of the brain. Treatment of the AlCl 3 -treated mice with ibuprofen decreased anxiety levels (6.90±0.34 min) compared with the AlCl 3 -treated group (1.80±0.29 min), as indicated by the time spent in the central area in an open field test. Furthermore, the expression levels of NP1 (1.32±0.47) and IL-1β (0.99±0.21) were significantly decreased in the hippocampus of mice following ibuprofen treatment, as compared with the AlCl 3 -treated mice (8.62±1.54 and 7.47±0.53, respectively). In the present study, ibuprofen was able to target novel structures in order to attenuate the inflammation associated with an AlCl 3 -induced mouse model of neurotoxicity; thus suggesting that ibuprofen may be considered a potential therapeutic option for the treatment of neurodegenerative diseases, including AD.
Introduction
Ibuprofen is an over-the-counter non-steroidal anti-inflammatory drug (NSAID) (1) , which is predominantly used as an analgesic, anti-inflammatory and antipyretic compound (2) . Ibuprofen has previously been demonstrated to limit the production of pro-inflammatory cytokines and to exert neuroprotective effects (1) . Furthermore, ibuprofen has demonstrated effectiveness in the treatment of Parkinson's disease (PD) (3), neuroinflammation associated with β-amyloid (Aβ) deposition (4) , and motor deficits in hepatic encephalopathy (5) , due to its anti-inflammatory and antioxidant properties. In addition, it may reduce the risk of developing Alzheimer's disease (AD), as increased expression levels of inflammatory cytokines have previously been associated with AD (6) .
The pathogenesis of various neurodegenerative disorders is attributed to neurotoxicity, which is associated with various factors, including aluminum (Al) (7) . Previous studies have demonstrated a role for Al in dementia (8) , PD (9) and AD (10) . Furthermore, an aluminum chloride (AlCl 3 )-induced model has previously been established for the investigation of neurotoxicity (11) , AD (12) , dementia (13) , and neuroinflammation (14) .
Neuronal pentraxins (NPs), which have key roles in neuroinflammation (15) , belong to a family of proteins that are homologous to immune system proteins, including C-reactive and acute phase proteins, and are believed to be involved in synaptic functions (16) . The NPs, including NP1, NP2 and NP receptor (NPR) (17) , are proteins that were initially identified due to their ability to bind to the snake poison taipoxin (18) and mediate its internalization, leading to cell death. As taipoxin blocks neuromuscular transmission at the pre-synaptic junction (19) , it has been suggested that NPs may have a role in the neuronal uptake process (18) . NP2 is a secreted glycoprotein that has been demonstrated to enhance the growth of neuronal dendrites (20) , and does not bind to taipoxin; thus suggesting that it has a distinct function from NP1 (20) .
NP1 is expressed in the neurons of the cerebellum, hippocampus and cerebral cortex (21) , whereas NP2 is widely expressed in the testis, liver, pancreas, skeletal muscles, heart and brain (20) . Furthermore, the expression of NP2 has been demonstrated to be upregulated in response to neuronal activity, upon which it may mediate clustering of 2-amino-3-(3-hydroxy-5-methyl-isoxazol-4-yl) propanoic acid receptors (22) . NP1, NP2 and NPR have 50% identity with each other and their C-terminal halves have 20-30% identity with immune system pentraxins, including the serum amyloid protein (23), C-reactive protein (24) and long pentraxin 3 (25) .
Previous studies have suggested that NPs may contribute to the pathogenesis of neurodegenerative disorders, including AD (26) and PD (16) . A predominant characteristic of the AD brain is accumulated Aβ protein, which interferes with synaptic functions and induces neuronal cell death (27) . Aβ toxicity has been demonstrated to initiate the overexpression of NP1, which is an apoptotic protein (28), resulting in the activation of programmed cell death due to loss of neuronal functions (26) . In addition, NP2 has been demonstrated to be markedly upregulated in PD (16) ; thus suggesting an important role for NPs in neuroinflammatory pathways. The present study aimed to analyze the effects of ibuprofen on the expression levels of NPs, and inflammation in an AlCl 3 -induced mouse model of neurotoxicity. The mice were maintained in a controlled environment (22-25˚C) within an animal house, with a natural day and night cycle. The animals were administered tap water and fed a standard diet. Mice were divided in three groups (n=10 per group), as follows: Control, treated with normal saline intraperitoneally (i.p.); AlCl 3 -treated, which received 150 mg/kg/day AlCl 3 (i.p.); and ibuprofen-treated, which received 100 mg/kg/day (i.p.).
Materials and methods

Agents
Administration of agents.
Ibuprofen (100 mg/kg/day) and AlCl 3 (150 mg/kg/day) were administered for 12 consecutive days. AlCl 3 was dissolved in distilled water and injected (i.p.) into the AlCl 3 -treated group mice (29) . Normal saline (0.9%) was administered to the control group according to body weight. Ibuprofen was administered orally via feed-stuff to the ibuprofen-treated group mice.
Morris water maze test. The procedure used was identical to the method outlined by Ahmed and Gilani (30) . The experimental apparatus consisted of a circular tub containing an invisible platform submerged 1.5 cm below the surface of water. The temperature of the water was maintained at 20-23˚C. External cues, including pictures and objects, were present and the position of the cues remained constant throughout the study.
The Morris water maze test was conducted for 7 consecutive days. Each mouse received two trials per day between 10:00 AM and 5:00 PM. The mice were randomly placed in one of four quadrants of the tub, facing towards the wall of the tub, and were allowed to swim until they reached the platform. The time taken to reach the platform was recorded, and once a mouse reached the platform it was allowed to rest for 15 sec. If a mouse failed to locate the platform within 90 sec, it was placed on the platform and allowed to rest for 15 sec.
Open field test.
The open field test procedure was based on the method outlined by Choleris et al (31) , with minor alterations. Briefly, the mice were placed into a square chamber and their activity was recorded using a SteadyShot DSC-W610 camera (Sony Corporation, Tokyo, Japan) fixed in a tripod stand at the top of the chamber. The box was divided into central and peripheral areas. A minor alteration of this method compared with Choleris et al was that the peripheral area was ≤2 cm from the walls of the chamber. The test duration was 30 min and the time spent by the animal in the central and peripheral areas was recorded.
Gene expression analysis. The gene expression analysis was conducted according to the procedure outlined by Ahmed et al (32) , with minor alterations. The mice were sacrificed under diethyl ether anesthesia (676845; Sigma-Aldrich), after which the brains were removed in order to extract the cortex, hippocampus and amygdala. RNA was extracted using TRIzol ® reagent. The quantity and quality of the RNA was determined using agarose gel electrophoresis. RNA (1 µg in 40 µl reaction volume) was reverse transcribed into cDNA, which was used as a template for PCR with specific primers (Eurofins Scientific, Luxembourg), which are listed in Table I . PCR cycling was performed using a 2720 Thermal Cycler (Applied Biosystems, Inc., Waltham, MA, USA). cDNA (3 µl) was used for the PCR reactions in the following 25-µl reaction mixture: 10 µM each primer, 25 µM MgCl 2 , 10 µM dNTPs final concentration and 0.625 U Taq Polymerase (Thermo Fisher Scientific, Waltham, MA, USA). PCR cycling was conducted as follows: Initial denaturation at 95˚C for 5 min, followed by denaturation at 94˚C for 30 sec, annealing (at temperatures given in Table I ) for 30 sec and extension at 72˚C for 30 sec for the number of cycles given for each gene in Table I . This was followed by a final extension step at 72˚C for 10 min. The PCR products were separated by 2% agarose gel electrophoresis, and visualized with ethidium bromide. The intensity of each PCR product band was quantified using ImageJ software (National Institutes of Health, Bethesda, MA, USA), and β-actin was used as an internal control.
Statistical analysis. The data are presented as the mean ± standard error of the mean. The results were analyzed by two way analysis of variance and the Bonferroni post hoc test using GraphPad Prism ® software (GraphPad, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference. 3 -induced neurotoxicity mouse model. In order to analyze the pharmacological effects of ibuprofen on the learning and memory abilities of AlCl 3 -treated mice, ibuprofen (100 mg/kg/day) and AlCl 3 (150 mg/kg/day) were administered to the appropriate groups for 12 days, after which the mice were subjected to memory testing using the Morris water maze test for the final 7 days of treatment, prior to sacrifice. On day two, the control group demonstrated a significant decrease in escape latency time (32.94±10.18), as compared with the AlCl 3 -treated group (58.88±11.70; P<0.05; Fig. 1 ).
Results
Effects of ibuprofen on learning and memory in an AlCl
Treatment with ibuprofen significantly improved the spatial reference memory of mice in the treated group (47.25±9.93) on day one, as compared with the AlCl 3 -treated group (70.38±7.75; P<0.05). On the second day, the ibuprofen-treated group exhibited significantly improved learning and memory abilities (28.63±7.94), as compared with the AlCl 3 -treated group on the same day (58.88±11.7; P<0.01; Fig. 1) . However, on all other days, no significant differences between the three groups were observed (P>0.05). Fig. 2 ), whereas the time spent by the control group mice in the center (7.80±0.41 min) was greater than the AlCl 3 -treated group (1.80±0.29 min); thus suggesting that mice in the AlCl 3 -treated group had elevated levels of anxiety (Fig. 2) .
Effects of ibuprofen on anxiety and locomotion in
Following treatment with ibuprofen, a decrease in the time spent in the periphery (23.10±0.34 min) was observed in the ibuprofen-treated group, as compared with the AlCl 3 -treated Fig. 2) , whereas, the time spent in the center (6.90±0.34 min) was significantly increased in the ibuprofen-treated group, as compared with the AlCl 3 -treated group (1.80±0.29 min; P<0.001; Fig. 2 ).
Effects of ibuprofen on the expression levels of NPs in the hippocampus, cortex and amygdala.
In order to evaluate the effects of ibuprofen on the expression levels of NPs, the mice were sacrificed at the end of treatment and RNA was extracted for analysis. Briefly, RNA was reverse transcribed into cDNA, which was used as a template for PCR. Ibuprofen treatment significantly decreased the expression levels of NP1 (1.32±0.47) in the hippocampus of ibuprofen-treated mice, as compared with the AlCl 3 -treated group (8.62±1.54; P<0.001; Fig. 3A) . No significant decreases in the expression levels of NP2 and NPR were observed among the three groups; however, a trend of decreasing expression was detected in the ibuprofen-treated group, as compared with the AlCl 3 -treated group (Fig. 3A) .
In the cortex, ibuprofen treatment was associated with a significant decrease in the expression levels of NP1 (0.94±0.48; P<0.001), NP2 (0.62±0.28; P<0.05) and NPR (0.43±0.14; P<0.001), as compared with the expression levels of NP1 (5.21±0.51), NP2 (2.50±0.65) and NPR (4.00±1.01) in the AlCl 3 -treated group (Fig. 3B) .
In the amygdala, ibuprofen treatment was associated with a significant decrease in the expression levels of NP1 (0.90±0.26; P<0.05) and NP2 (0.62±0.26; P<0.01), as compared with the expression levels of NP1 (2.95±0.47) and NP2 (3.43±1.22) in the AlCl 3 -treated group; however, no significant difference in the expression levels of NPR were detected among the groups (P>0.05; Fig. 3C ).
Effects of ibuprofen on the expression levels of IL-1β in the hippocampus, cortex and amygdala.
In order to analyze the A B C effects of ibuprofen on inflammation in the AlCl 3 -treated group, IL-1β expression levels were analyzed. The control group exhibited significantly reduced levels of IL-1β expression in the hippocampus (0.69±0.10), cortex (0.98±0.33) and amygdala (0.67±0.18), as compared with the levels observed in the hippocampus (7.47±0.53), cortex (7.75±1.13) and amygdala (7.45±0.17) of the AlCl 3 -treated group (P<0.001; Fig. 4) . Furthermore, ibuprofen treatment significantly decreased the expression levels of IL-1β in the hippocampus (0.99±0.21), cortex (0.86±0.09) and amygdala (0.49±0.13), as compared with the hippocampus, cortex and amygdala of AlCl 3 -treated mice (P<0.001; Fig. 4 ).
Discussion
It has previously been suggested that NSAIDs exert neuroprotective effects, in addition to their established anti-inflammatory functions (33) . Ibuprofen is an NSAID that has been demonstrated to readily cross the blood-brain barrier (34) and exert memory-enhancing effects (29) . The present study investigated the neuroprotective effects of ibuprofen (100 mg/kg/day) in an AlCl 3 -induced mouse model of neurotoxicity. In order to assess hippocampus-dependent spatial and reference memory (35) , a Morris water maze test was conducted. The results of the present study demonstrated that learning and memory were impaired in AlCl 3 -treated mice, and that treatment with ibuprofen was able to reverse these effects; thus suggesting that ibuprofen is able to exert memory-enhancing effects. However, the effects were not significant in the later training days. In order to investigate the effects of ibuprofen on the levels of anxiety, locomotion, and exploratory behavior in the AlCl 3 -treated mice, an open field test was conducted in the present study (36) . Blanchard et al (37) previously suggested that the reluctance of an animal to move from one place to another, or into the central area in the test, is indicative of elevated levels of anxiety in the mice. The results of the present study demonstrated an increase in the anxiety levels of AlCl 3 -treated mice, as compared with the control group. Treatment with ibuprofen reversed the effects of AlCl 3 -treatment and was associated with a decrease in the levels of anxiety in ibuprofen-treated mice. Anxiety has been reported to be a predominant clinical symptom of neurodegenerative disorders (38) ; therefore, ibuprofen may have an additional therapeutic effect in the treatment of neurodegenerative disorder-associated anxiety.
In order to investigate the underlying mechanisms of ibuprofen, the effects of ibuprofen on the expression levels of NPs and IL-1β in the AlCl 3 -treated mice were analyzed. Previous studies have detected an association between the accumulation of Aβ and the upregulation of NP1, which is an apoptotic protein that promotes the death of damaged neurons (26) . The results of the present study indicated that treatment with AlCl 3 led to a significant increase in the expression levels of NP1 in the hippocampus; thus suggesting a possible role of NP1 in AlCl 3 -induced neurotoxicity, which is consistent with a previous report (26) . The increase in NP2 and NPR expression levels in the hippocampus was not significant; however minor upregulation was observed in the AlCl 3 -treated group, as compared with the control group.
Increased expression levels of NP1, NP2 and NPR were observed in the cortex, whereas NP1 and NP2 expression levels were increased in the amygdala, indicating that NPs have a role in AlCl 3 -induced neurodegeneration, dementia and learning and memory. Notably, treatment with ibuprofen was able to attenuate memory impairment. Inflammation is a hallmark of AD pathogenesis (39, 40) and IL-1β, a pro-inflammatory cytokine, has a role in inflammation (41) . It has previously been suggested that IL-1β overexpression is associated with the formation of plaques (42) . The results of the present study demonstrated a significant increase in IL-1β expression levels in the hippocampus, cortex, and amygdala of AlCl 3 -treated mice, supporting previous data that IL-1β is elevated in a degenerating brain (43) . Furthermore, treatment with ibuprofen was able to significantly decrease the expression levels of IL-1β in the various brain compartments, and the memory improvement observed may be due to this, as it has previously been demonstrated that IL-1β has a prominent role in memory impairment and aging (44) . In addition, significant decreases in the expression levels of NPs following treatment with ibuprofen illustrated that ibuprofen may have a role in the expression of NPs, as well as interleukins; thus suggesting that there may be a possible link between NPs and neuroinflammation. NPs may promote the upregulation of interleukins; however, the underlying mechanism by which NPs are associated with inflammation remains unknown. The present study identified novel ibuprofen targets and demonstrated that treatment with ibuprofen may reduce the risk of developing neurodegeneration. Therefore, ibuprofen may be considered a potential therapeutic option for the treatment of patients with neurodegenerative disorders, including AD.
In conclusion, the present study analyzed the therapeutic effects of ibuprofen on the performance of mice in various behavioral tests, and on the expression levels of NPs. Ibuprofen increased learning and memory, and decreased anxiety in mice. Furthermore, ibuprofen was able to reduce inflammation, which is a hallmark of neurodegeneration and AD pathogenesis. Ibuprofen also decreased the expression levels of NPs, which are associated with neuropathology. Future studies should endeavor to elucidate the mechanisms by which NPs are involved in inflammation and the expression of IL-1β.
